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I.   SOLID STATE  DEVICE RESEARCH 

Laser action in which coherent radiation at 5.2 microns emanates from the bulk of the 

semiconductor has been obtained from InSb n pp   diodes in which an electron-hole plasma has 
been established.    Below threshold,   injection luminescence was obtained from the entire 400- 

micron length of the bar-shaped p-type base region to which the n   and p    contacts had been 

alloyed.    The luminescence results as well as the I-V characteristic of the diodes indicate the 

formation,   under forward bias,   of a "large" volume injection plasma in the p-region,   as was 

previously reported for the "madistor."   Above threshold,   the angular spread of the beam in- 
dicates coherent spots of 50 microns measured in the direction of the current.    This area is 

about an order of magnitude larger than has been reported for GaAs and InAs lasers.    Large, 

coherently-emitting areas mean smaller beam angles,  and the large radiating volume is better 
suited for light amplification,   higher output powers,   and may possibly lead to lower threshold 

current densities.    Thus many of the limitations of laser action,   when it is confined to the junc- 

tion region,   may he eliminated in this,  the first diode bulk laser. 
Laser action has been obtained in PbSe diodes operated at 12°K.    The emitted coherent 

radiation was at 8.5 microns.    Thus the wavelength range for diode laser action has been ex- 

tended beyond the previously reported limit of 6.5 microns for PbTe into the 8- to 14-micron 
"atmospheric window." 

Laser action has been obtained in GaAs at liquid helium temperature by generating electron- 

hole pairs with a beam of 50-kev electrons.    The threshold beam current density was about 
_2 

lamp cm      (beam diameter ~0.5mm).    Assuming that the mean total energy required to produce 
a pair in GaAs is 5 ev,   and neglecting any backscattering of the 50-kev electron beam,   this is 

4 -2 equivalent to a threshold current density of 10   amp cm      in a diode laser.    Backscattering of 

the beam may reduce this value by as much as 50 percent.     "Snooperscope" observation of the 

sample emission indicates that laser action occurs in filaments along the surface on which the 

electron beam impinges.    The beam diameter,  although larger than the 0.21-mm distance be- 

tween the faces of the Fabry-Perot cavity,   was smaller than the 1-mm width in the direction 

perpendicular to the cavity.    By sweeping the beam along this width,   different filaments have 
been preferentially excited.    The technique of electron beam pumping will hopefully permit 

laser action to be obtained in the visible in those wide-bandgap semiconductors in which it is 

difficult to produce good p-n junctions or in which resistivities are so high that series resistance 

and consequent heating preclude the use of electrical injection. 
A miniature pulsed-laser-diode transmitter has been mounted inside a small copper cylinder 

j inch in diameter and 1 inch long.    This transmitter,   which consists of a GaAs diode laser,   a 
capacitor,   a charging resistor,   and a pnpn switching transistor has successfully operated at 

room temperature with i\ watts of peak power output for a pulse length of 20 nanoseconds. 

Miniature versions of the requisite power supply and low-power trigger source are now being 



fabricated,   and the complete transmitter should be much smaller than a two-cell flashlight. 
This room-temperature pulsed-laser system should have many applications in radar and other 

range-finding equipment. 
Single-crystal (In Ga.     )As has been grown by a vapor phase reaction,  and diodes have x      l-x 0 

been fabricated from these crystals which lased within the 8750 ± 50-A range required to pump 

a Nd      laser efficiently.    In addition,   the crystal quality has been improved so that the threshold 

current densities are now typically 3000 amp cm      at 77°K,   and the power output from these 
mixed-crystal diodes is essentially the same as that from good GaAs diode lasers. 

In order to observe the pattern of infrared radiation from the surface of a diode laser,   a 

sensitive scanning infrared microscope has been constructed.    This image converter,  which 
uses a slow mechanical mirror scanning system in conjunction with an InSb photodetector,   is 

able to display,   on an oscilloscope,   images of sources emitting radiation of wavelengths from 
the visible to 5.4 microns.    Potentiometers mechanically linked to the mirror position yield 

voltage to drive the x- and y-axes of an oscilloscope,   and tne output signal from the photo- 
detector suitably amplified by a phase sensitive amplifier is used to modulate the intensity of 
the oscilloscope trace.    A magnification of about 25 times with a resolution of about 40 microns 

has been achieved for this scanning microscope system. 
Inversion of the {ill} surface occurs in single-crystal regrowth during interface alloying 

of intermetallic compounds,   if A{lll} surfaces are mated to A{lll| surfaces or B{lll) surfaces 

are mated to B{lll} surfaces.    Since A{lll} surfaces develop etch pits in oxidizing etchants 

whereas B{lllj surfaces do not,  we have used etching studies to detect this diatomic inversion 

in the recrystallized region of the lower-melting-point semiconductor with respect to the un- 

melted portion of this semiconductor.    The results indicate that the recrystallized region grows 

as a single crystal which emanates from the surface of the higher-melting-point semiconductor. 

The Gunn effect oscillator has been operated CW.    All such oscillators have previously 

operated only on a pulsed basis (~l-^sec pulses) to prevent overheating and burnout of the de- 
vices.     By careful heat-sinking of a 25-micron thick,   125-micron square 1-ohm-cm GaAs, 
continuous room-temperature operation was possible with the output predominantly at 5 Gcps 
but with substantial output at many other frequencies.    The 5-Gcps frequency is predicted from 
the equation originally presented by Gunn.    It is now necessary to terminate the oscillator with 

the proper impedance network so that single-frequency operation can be obtained. 

II.    LASER RESEARCH 

Stimulated Raman emission at 90° to the ruby-laser beam in CS? has been obtained,   and 

the threshold has been compared with that in nitrobenzene.    With mirrors that reflect ruby-laser 

wavelengths placed in the Raman cavity (filled with CS., or nitrobenzene),  a narrow laser-like 
beam at 6943A radiates at 90° to the primary laser beam.    Presently,   etalon photographs are 

being taken to establish that this is a 90° Brillouin laser,   down-shifted by 4.25 Gcps from the 
pump frequency. 

Effects of enhancement of stimulated Raman emission by a cavity set at angles other than 

0° and 90° to the ruby-laser direction have been observed.    The intensity of the anti-Stokes 



radiation AS. still peaks at the usual phase-matching angle but is optimized when the cavity 
angle is at the phase-matching angle for S.. 

For a variety of solids and liquids, data have been obtained on the number of stimulated 
Stokes, anti-Stokes, and multiple-scattering lines that are achievable with a particular ruby 

laser. 

A study has been made of the time,  pressure,  and wavelength characteristics of the after- 

glow in a ruby-laser-created breakdown in several gases.    Volume electron-ion recombination, 

and not diffusion,   appears to be the dominant loss mechanism of electrons in argon and hydrogen. 

An argon-afterglow electron temperature of about 5300°K was estimated from the ratio of spec- 
\ 8        -3 

tral line intensities,  and the electron density of 2.5 x 10     cm      was measured from Stark- 
broadened line widths.    There is only a small pressure dependence of the characteristic time 

of decay of the afterglow. 

Perturbation of the refractive index of absorbing media due to the propagation of a 1.06-micron 
glass laser has been observed in a Mach-Zehnder interferometer.    The observed changes of index 
are consistent with the estimated energy deposition,   the known temperature coefficient of the in- 
dex,   and the heat capacity of each medium.    The interferometer is illuminated by a very short 
pulse from an argon laser at varying times after the start of the long-duration glass-laser emis- 

sion.    The index changes in the gas deviated the interferometer rays by almost a milliradian, 
and the considerable turbulence in the liquid obliterated the interference fringes. 

III.    MATERIALS RESEARCH 

An electric furnace has been developed for heating samples to 2400°C in oxidizing atmos- 
pheres,   as well as in neutral or reducing atmospheres.    The furnace employs a tantalum split- 

tube heating element,   operated in argon,   which is isolated from the sample and sample atmos- 

phere by an inner tube of dense zirconia.    It has been used successfully for Czochralski growth 
of sapphire crystals and should also find application in such areas as phase studies,   material 

testing,   and diffusion experiments. 

Measurements of the Seebeck coefficient and resistivity of polycrystalline CrO? prepared 

by high-pressure .synthesis have been extended to liquid helium temperature for samples with 

compositions of CrO. ..    and CrO? _ .,..    The stoichiometry of these and other samples was 
measured by an analytical method which determines the chromium content to an accuracy of 

about 1 part per 1000.    The electrical properties of samples with compositions between CrO,  „q 

and CrO? n? are similar,   as expected on the basis of the Goodenough model used to explain the 
metallic properties and ferromagnetism of CrO?. 

The phase diagram for the pseudo-binary InSb-InTe system has been determined by thermal, 

x-ray,  and metallographic analysis.    The system contains a peritectic compound,   In.SbTe, 
(rock-salt structure),   which forms a eutectic with InSb.    In.SbTe, is the primary phase that 
crystallizes from the melt between the eutectic point (15mol % InTe,   508°C) and the peritectic 

point (40mol % InTe,   556°C).    InTe is the primary stable phase that crystallizes from melts 

containing more than 40 mol % InTe,   but the primary crystallization of In.SbTe, as an unstable 
phase has been observed for melts containing between 40 and 75 mol % InTe. 



Samples of In.SbTe, prepared at atmospheric pressure or below do not exhibit supercon- 

ductivity down to 1.3°K, the lowest temperature investigated.    Samples prepared at high pres- 

sure (37 kbar) become superconducting at about 1.5°K,  although x-ray diffraction measurements 

indicate no difference in structure or lattice constant between the low- and high-pressure forms. 
Superconductivity measurements have been made on InSb,. — /3-Sn alloy samples annealed 

under pressure (37 kbar) for 20 to 40 hours.    Each sample,  regardless of composition, exhibits 

only one superconducting transition, whereas in earlier experiments transitions at two different 

temperatures were observed in samples containing 0.2- to 0.4-atom-fraction tin which had been 

annealed for only one hour under pressure.    It is concluded that InSbTT and /3-Sn,  which have the 

same tetragonal structure,  form solid solutions in all proportions,  if sufficient time is allowed 

for equilibrium to be reached.    The superconducting transition temperature has a maximum 

value of about 5°K at 0.5-atom-fraction tin,   compared with transition temperatures of 2.1° and 
3.7°K for InSb,. and /3-Sn,  respectively. 

IV. BAND STRUCTURE AND SPECTROSCOPY OF SOLIDS 

The experimental investigation of the energy bands in antimony is continuing.    Two new 

sets of oscillations have been observed in the magnetoreflectivity.    In contrast to the previously 
observed deHaas-Shubnikov magneto-oscillations for which the magnetic field associated with 

a particular oscillation is independent of photon energy, the present phenomenon is strongly 
frequency dependent and is associated with interband transitions across two different energy 

gaps.    The oscillations are more readily observed when appropriately polarized light is used 

for the various crystallographic directions.    It is believed that these interband transitions can 
resolve some puzzling features of earlier measurements on the magnetoplasma and optical 
deHaas-Shubnikov effects. 

By using the energy band parameters in graphite obtained from the magnetoreflection ex- 
periments,  the magnetic susceptibility and microwave transmission in graphite are being calcu- 

lated.    So far,   calculations of cross-sectional areas of the Fermi surface indicate that the 
Slonczewski-Weiss model is capable of predicting all the observed periods,  including the long 

period oscillations recently observed by Soule.    Calculations of the microwave transmission 

yield both Alfven wave and cyclotron resonance behavior. 
Previous measurements of the ultraviolet reflectivity of Mg?Ge have now been complemented 

with similar measurements in Mg?Si and Mg?Sn.    The structure in the reflectivity of these II-IV 
compounds is very similar to materials of the zinc-blende structure.    A Kramers-Kronig analy- 
sis on the data is presently under way in order to facilitate interpretation in terms of published 
band-structure calculations. 

On the basis of optical,   magneto-optical,  and transport experiments and theoretical argu- 

ments involving symmetry and continuity,  a model has been proposed for the band structure of 

HgTe and Cd Hg.     Te alloys.    This model,  which is similar to that in gray tin proposed by 
Groves and Paul except that it includes overlap .of the valence and conduction bands,  is consist- 

ent with the systematics of III-V and II-VI compounds and all available experimental data. 



In collaboration with the M. I. T.  National Magnet Laboratory and Bell Telephone Labora- 

tories personnel, the nonrelativistic energy bands in gadolinium metal are being calculated. 

Initial results of the augmented plane-wave calculation indicate marked differences from a free 
electron model and,  in fact,  indicate some similarity to the situation in transition metals. 

Work on transport problems is continuing.    A more general theory of the "collision drag" 

effect on the ultrasonic absorption in metals has been developed.    The theoretical description 

is based on a transport theory for inhomogeneous driving fields which had been developed pre- 
viously.    The collision drag effect had previously been treated only for special cases. 

A formal and systematic treatment of the elastotransport phenomena in one-carrier semi- 

conductors and metals has been completed.    Explicit formulas for the piezoeffects due to the 
electrons have been developed which take into account not only the deformation potential effects, 

but also the effects of strain on the effective mass tensors, intravalley scattering,  and the 

Fermi level.    The formulas are developed in terms of the Fermi-Dirac statistics. 

The elastic constants of HgTe have been measured at room temperature by means of the 
ultrasonic pulse technique.    By using the measured values of these constants,  a fundamental 

lattice absorption frequency co   ,  which is in reasonable agreement with far infrared measure- 
ments,  and a Debye characteristic temperature at absolute zero,  6    = 105°K, have been calcu- 

lated. 

A theoretical and experimental study has been made of wave transmission through degener- 
ate hole-electron plasmas,  emphasizing weakly transmitted waves which have not previously 

been examined in detail.    Two of these waves,  the resonance-damped Alfven wave and the so- 
called "branch cut" wave (which is a superposition of single-particle excitations),  were studied 
in bismuth at 4.2°K as a function of magnetic field.    At zero magnetic field, the transmitted 

7 -1 wave has a phase and group velocity of about 7 x 10   cm sec      and appears to be due to electron 

single-particle excitations. 

V.    MAGNETISM AND RESONANCE 

A new high-temperature expansion has been developed which permits calculation of the 

Curie temperature T    and provides new insights into the form of the magnetic ordering in the 
neighborhood of this temperature.    It is hoped that this type of investigation will not only provide 
independent quantitative checks for any exchange-energy formalism, but will also show how to 
handle the disorder in the spiral components that have been observed below T    in CoCr.,0.. 

Spin resonance can provide important independent information about spin configurations 
below T   and is therefore being used to study several chromium spinels.    At low temperatures, 

the spin resonance in MnCr,0. and MnCr,S„  shows satellite structure on the uniform mode v 2   4 2  4 
resonance.    The uniform mode resonance in CoCr2S. splits into two resonances at low tempera- 
ture.    It is not yet clear whether the structures observed are related to other modes of the sys- 

tem or are due to powder samples that cause averaging over the anisotropies of the crystals. 
Investigation of the breakdown of ligand-field theory has been extended to the thiospinels. 

It is shown that a consistent interpretation of their magnetic and electric properties requires 



the assumption that cationic d-orbitals directed toward nearest-neighbor ligands are trans- 

formed via cation-anion covalence into antibonding a*-bands.    The only exceptions to this 

generalization may occur when there are four or five unpaired spins per cation. 

In order to obtain materials for the investigation of transport properties,  work on methods 

of growing chemically controlled single crystals continues.    Vanadium spinels are being grown 

from fluxes by electrolytic reduction,  ReO, has been grown by vapor deposition,  and suitable 

fluxes for the growth of YAG and InVO. host crystals are being investigated. 
Several of the rare-earth trifluorides have been prepared and their magnetic susceptibil- 

ities have been studied from 4° to 300°K.    The materials are characterized by small Weiss con- 

stants  G  and values of |JL ff close to those expected for free rare-earth ions. 
3 + Studies of the effect of Mn      on the crystal chemistry of lithium spinels have continued. 

Crystallographic evidence has been obtained to support the idea that,  at the critical concentra- 

tion of Mn      for the destruction of long-range ordering of Li   on the B-sites, there is also a 

discontinuous change in the distribution of Li   ions over the A- and B-sites. 
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